I. INTRODUCTION
R bTiOPO (RTP) belongs to the KTiOPO (KTP) family of nonlinear optical crystals. It crystallizes in the orthorhombic space group [1] . Because of its non-linear optical properties, RTP can be used for frequency doubling the light emitted by Yb and Nd lasers with a wavelength close to 1 m [2] . RTP can also be doped with active ions to obtain a self-frequency doubling (SFD) material, which can be useful for compact and efficient laser sources in the visible range. KTP family of non-linear optical crystals has large electro-optical coefficients and low dielectric constants making them attractive for such electro-optical applications as modulators and Q switches [3] . These interesting properties make RTP a good candidate as a base material for integrated photonics.
Among other possible active ions, Yb was chosen for this study because it has several advantages. Its ionic radius is much closer to the radius of Ti than the ionic radius of the other Ln ions, which produces a higher distribution coefficient of Yb in the crystals of the KTP family [4] . The emission wavelength of Yb is similar to that of Nd in the region close to 1 m, but its energy scheme is simpler. It has only two energy levels: the ground state and the exited state . This prevents some effects that reduce the laser efficiency, for instance, excited-state absorption, cross-relaxation, and upconversion. On the other hand, the similarity between the pumping and the laser wavelength means that there is a small quantum defect that reduces the thermal loading of the crystals during laser operation [5] . Yb also has no absorption losses at the second harmonic generation (SHG) frequency, which makes it particularly suitable for SFD [6] .
The maximum doping levels of Yb previously achieved in KTP bulk crystals are not enough for laser operation. The distribution coefficient of Yb in single-doped RTP is slightly higher than in KTP but not enough for lasing [4] . The codoping of RTP with Yb and Nb significantly increases the distribution coefficient of Yb in RTP [7] . Thus, the content of Yb in RTP was high enough to successfully obtain laser emission in these crystals [8] .
In order to avoid the difficulties of growing bulk (Yb,Nb):RTP crystals, which are often of low quality [9] , and to increase the optical path, (Yb,Nb):RTP planar waveguides were grown on RTP substrates by the liquid phase epitaxy (LPE) method [10] . In these samples efficient type II SHG has already been reported [11] .
For the fabrication of nonlinear optical waveguides, ion-incorporation techniques such as ion implantation [12] and ion diffusion have been applied [3] . Other techniques such as LPE [10] , molecular beam epitaxy [13] , chemical vapor deposition, and pulsed laser deposition [14] have also been widely used to obtain optical waveguides. Subsequent structuring methods such as ion milling [15] reactive ion etching, [16] , and laser structuring, [17] are also available.
Microstructuring the surface by femtosecond-laser (fs-laser) ablation could be a good technique for the commercial fabrication of optical waveguides in the field of integrated photonics. The main advantage it has over other techniques is that it enables rapid prototyping with a relatively cheaper production cost that does not require to be carried out in a clean room.
In this paper, we show that low-loss rib waveguides can be produced by fs-laser structuring on (Yb,Nb):RTP epitaxial layers grown by LPE. The microstructures were generated by fs-laser ablation. A morphological, optical, and Raman spectroscopy characterization of the ribs is presented.
II. RIB WAVEGUIDE FABRICATION

A. Structure Performance Simulations
In order to determine what the best geometry is for the ribs in terms of light confinement, the performance of the devised structures at 632 and 972 nm were simulated using the MG finite difference (Real) method at 632 and 972 nm from the OlympIOs software package.
The initial structure considered is an epitaxial layer (Yb, Nb):RTP with thickness of 10 m on bulk RTP (see Section II-B). Since the ribs are produced by sculpting two parallel trenches on the sample surface by laser surface structuring, the initial simulations considered ribs of different widths and heights using the previously determined values of the corresponding refractive indexes of the epilayer and the substrate.
The real refractive indexes of the waveguide and the substrate in TM polarization were 1.8967 for the layer and 1.8897 for the substrate at 632 nm [9] . Similar measurements were made in TM polarization at 972 nm and the values obtained for the refractive indexes were 1.8632 for the layer and 1.8573 for the substrate, measured in this study.
The rib structures considered in the initial simulation were 8 m height and 6-18 m wide (with 2 m steps). The depth was chosen to be 8 m, because the initial tests of fs-laser structuring on RTP substrates showed this value to provide a good compromise in terms of crystal damage and groove shape. The confinement area for simulation was designed taking into account the rib boundary that extended down to the planar waveguide-substrate interface. The simulation enables to estimate approximately the percentage of energy confined within this region (confinement). Although part of the mode propagates through the planar region, the simulation reveals a high level of confinement. The estimated confinement values depended on rib dimensions and were in all the cases above 99.0 % at both 632 and 972 nm. The experimentally determined losses were analyzed by simulating the power attenuation in the waveguides using the beam propagation method.
B. Growth by LPE
We grew epitaxial layers of (Yb,Nb):RTP on (001) RTP substrates. Plates perpendicular to the c crystallographic direction and cut from RTP single crystals were used as substrates. The ab plane is interesting because it contains the type II noncritical phase matching SHG directions for the range between 985 and 1118 nm. This range contains the Yb laser emission at 1060 nm.
The epitaxial layers were grown by the LPE method from WO -containing solutions. Rb CO (99%), NH H PO (99%), TiO (99.9%), Yb O (99.9%), Nb O (99.9%), and WO (99.9%) were used as starting chemicals. The procedure was similar to that already reported Solé and coworkers for the LPE growth of several epitaxial layers [18] , [19] . The solution composition was -
To start the growth process, the solution was supersaturated by decreasing its temperature by 2 K below the saturation temperature, which was around 1153 K. In all the LPE experiments, a rotation of 60 r/min was applied. The epitaxial layers grown showed good optical quality and the average growth rate was 8.3 m/h. The chemical composition of the epitaxies was determined by electron probe microanalysis and the result was RbTi Yb Nb OPO . The thickness of the as-grown epitaxial layers measured by interferometric microscopy and using the substrate surface as a reference was around 50 m. After growth, the epitaxial layer was polished up to 10 m in thickness.
C. Femtosecond-Laser Setup and Experimental Conditions
In order to produce the rib structures, sets of two parallel ablated channels were micromachined on the sample surface using the fs-laser irradiation setup sketched in Fig. 1 . We used a pulsed fs-laser amplification system (Tsunami and Spitfire from Spectra-Physics), working at a 1 KHz repetition rate and a pulse duration of fs. The output pulse energy was mJ and the central wavelength nm. We also used a spatial light modulator (SLM, Hamamatsu X8267) to control the beam wavefront before focusing on the surface of the sample. This allowed us to design the intensity profile of the focused beam. An image relaying system with magnification ( cm and cm) transferred the beam at the SLM surface to the back-focal position of the focusing microscope objective (Mitutoyo M Plan Apo NIR 20X
). The sample was placed on a three-axis motorized stage. During processing, the sample was translated at a speed of m/s. In order to improve the quality of the micromachined channels, we used the approximation scanning technique [20] . It consists of performing several irradiation scans, each one slightly displaced from the previous one in the direction perpendicular to the channels. This produces steeper channel walls than when a single irradiation scan is used. It also helps minimizing the redeposition of debris in the walls of the channel and reduce surface roughness. Our approach uses an SLM to multiplex the irradiation beam at the material surface, creating seven spots. The spots are arranged diagonally (see Fig. 1 ), such that each spot rewrites the channel written by the previous one, but with a slight lateral displacement just as the approximation scanning does. Thus, a multiplexed beam requires only a single scan to inscribe a channel in the sample, while a nonmultiplexed beam requires several scans. In order to multiplex the beam, the wavefront of the irradiation was tailored using the phase-only SLM in order to obtain a predesigned intensity distribution at the focus of the lens. The corresponding phase map is shown in Fig. 1 . It was generated using a weighted Gerchberg-Saxton algorithm, which helps to equalize the peak intensities of the multiplexed spots in the designed intensity distribution [21] .
During the channel structuring process, the value of the local maximum fluence of each multiplexed spot (2.1 m full-width at half-maximum) at the surface was 4.1 J/cm (per pulse). For the scanning speed used, a multiplexed spot receives in average of 21 pulses. For reference, the single-shot/single-spot ablation threshold of the sample is 1.1 J/cm . It is worth noting at this point that the sample shows a negligible linear absorption at the irradiation wavelength, and therefore, surface ablation is the consequence of multiphoton and avalanche ionization processes associated to the high peak power of fs-laser pulses [22] . Fig. 2 shows an environmental scanning electron microscopy (ESEM) image of the ribs made on the planar waveguides, obtained using a Quanta 200 microscope. After polishing the end face of the sample, which is perpendicular to the ribs, images of some channels were obtained both with the ESEM and a confocal microscope, as can be seen in the detail of Fig. 2 (right) . These images reveal that, in terms of visual roughness, the rib had a good shape. In this figure, it can be seen that the internal groove wall, that is to say, the rib wall, shows clearly less roughness than the external groove wall. The rms roughness of the rib walls is nm, an encouraging result if it is taken into account that this value is % of the wavelength of interest (around 1 m). This confirms that the use of approximation scanning combined with the beam multiplexing is beneficial for the performance of the laser written structures. Still, the shape of the rib was not rectangular but trapezoidal. The produced grooves were m deep. At the top, the dimensions of the channels produced were 6, 7, 8, 9, 13, 14, 15, and 18 m. The rib walls show a slope . This makes, as can be seen in Fig. 2 , that the bases of the ribs are about 4 m wider than their tops while the structures are symmetrical in all the cases. The observed trapezoidal shape does not imply though a big problem in terms of confinement, as shown by the simulations with real parameters.
III. RIB WAVEGUIDE CHARACTERIZATION
A. Environmental Scanning Electron Microscopy and Confocal Morphological Characterization
B. Near-Field Pattern and Propagation Losses
As shown in Fig. 2 , the walls of the ribs obtained by fs-laser structuring are not vertical. It was thus advisable to perform a simulation with real parameters. The simulations were carried out with the same software that was used in the preliminary simulation. As above mentioned, the ribs obtained are trapezoidal in shape. They were 6-18 m at the top, and 10-22 m at the base and they were all symmetrical. The simulation again reveals a high confinement. The confinement values provided by numerical simulations ranged between 99.75% and 99.80% at 632 nm and between 98.37% and 99.04% at 972 nm. So, theoretically the confinement is high even for the rib with the lowest cross section area. The rib waveguide modes were excited at 632 and 972 nm in order to test the performance of the laser-written structures. All the channels were excited successfully but the 13 m channel (width at the top) was used for characterization. As an example, Fig. 3 shows the near field pattern of this channel at a wavelength of 972 nm. A high optical density filter was used to record the mode's profile with a CCD camera. The propagation losses of the rib waveguide with a top width of the 6 m were estimated at 972 nm by coupling a laser beam to the waveguide with a 10 objective microscope. The fundamental waveguide mode was excited using an xyz translation stage in order to prevent the multi modal dispersion. The light transmitted by the waveguide was then collected using a 50 objective microscope. The power of the laser beam was measured before the input objective microscope and after the output one. The optical losses of these rib waveguides were evaluated by single pass transmission measurements. The expression used in dB/cm was , where is the length of the channel waveguides. Some corrections had to be made to both powers ( and ) . The estimation of the propagation losses has to consider though some corrections to the values of and like the transmission losses of the microscope objectives, the Fresnel losses at the waveguide interfaces, the losses associated to the mismatch between the laser field distribution at the focal plane of the lens and the mode of the waveguide (calculated through the corresponding overlapping integral [23] ). Since we have not corrected the losses associated to the effect of the different numerical apertures of the waveguide and the input microscope objective and the losses associated to the absorption of the beam by the small amount of Yb present in the waveguide, the estimated value of the propagation loss have to be considered as an exaggerated upper bound. The upper limit obtained is 4.4 dB/cm which compares well with recent values obtained by fs-laser structuring of Nd:GGG [24] . In this respect, it is worth noting that BPM simulations of the propagation loss of this waveguide using a roughness with a rms value of 500 nm provide values in the order of 7 dB/cm which indicate that the "visual" estimation of roughness above indicated should be overestimated. The roughness was modeled via a seventh order autoregressive estimator calculated using the measured roughness function . In our case, this function indicates that the underlying statistics are exponential and the corresponding autocorrelation function gives a standard deviation of m and a correlation length of m.
C. Micro-Raman Scattering
One of the techniques used to investigate the induced microscale modifications in the crystalline material is micro-Raman ( -Raman) measurement [25] . Micro-Raman scattering measurements were made using a micro-Raman Reinshaw Confocal InVia spectrometer equipped with a Leica 2500 confocal microscope and a CCD camera as the detector. With this equipment, 64 consecutive Raman spectra were recorded on the surface of the sample, at 1 m intervals. The excitation wavelength for these measurements was 514 nm. The Raman signal was collected using a pinhole and focusing every time on the desired region.
As can be seen in Fig. 4 , the Raman spectrum for these materials is very complex: it has more than 30 peaks corresponding to , and symmetry representations [25] . We observed that all the peaks in the unablated area are also present in the ablated area, indicating that femtosecond irradiation does not induce amorphisation of (Yb,Nb):RTP, at least in the spatial resolution we used.
In general, we observed that the intensity of the peaks in the ablated area of the sample is less than the intensity of the peaks for the unablated area. The intensity of the Raman peaks is a function of the change in polarization of the molecule during a vibration. Thus, a significant decrease in intensity of the bands indicates a constraint on the vibrational degrees of freedom of the molecule [26] . This constraint on the vibrational degrees of freedom of the molecule is due to the introduction of defects and changes in the crystallographic structure of the material.
Basically, the Raman spectra recorded correspond to those of RTP in a polarization configuration [27] . However, we observed significant differences in the intensity of the peaks located at and cm for the spectra recorded in the ablated and unablated areas, respectively. While the first peak increases its intensity considerably in the ablated zone, the intensity of the peak at 760 cm decreases considerably in the same zone. The cm signal corresponds to the vibration mode of the TiO octahedron, and it is the most intense peak for the polarized Raman spectrum of RTP. The cm signal is also related to the vibration mode of the TiO octahedron in the same polarized configuration, but its intensity is considerably lower than the one at 760 cm . However, it may also be related to and vibration modes of the TiO octahedron in the , and polarization configurations, where it corresponds to the most intense peak of these spectra. Thus, the difference in intensity of these peaks in the ablated region spectrum compared with the nonablated region spectrum might be due to some orientational changes in the crystal structure in the areas in the proximity of the ablated region, which leads to a mixture of Raman spectra corresponding to different scattering geometries [28] . Thus, ultrafast laser ablation clearly induces a permanent local micrometric stress in (Yb,Nb):RTP, as has been reported for such others materials as Nd:MgO:LiNbO [28] or Si wafers [29] . This permanent induced stress may be due to the shock waves produced after the absorption of the femtosecond pulse.
Apart from the different intensity observed for these two peaks in the ablated and unablated regions, which is the most evident change in the Raman spectra, the intensity of other peaks also changes. For instance, the intensity of the peak at 976 cm is also reduced in the ablated areas. This peak corresponds to the vibration of PO tetrahedra [27] indicating that not only are modes related to the TiO group affected by the constraint on their vibrational degrees of freedom, but modes related to PO tetrahedra also are. In fact, the peaks related to Rb-O polar vibration [27] appearing at around 330 cm are also affected by the decrease in intensity depending on the polarization analyzed in the spectra, indicating that the whole structure of (Yb,Nb):RTP crystal is affected by the permanent induced stress generated by ultrafast laser ablation.
By comparing the Raman scattering spectra recorded in an area far from the microstructured channel with spectra recorded from ablated grooves and close boundaries, we obtained some information about the dimensions of the affected area during the ablation process. In fact, we found that after ablation, the stressed area up to the groove wall was 3 m long, as the inset of Fig. 4 shows.
Regarding the depth of the laser affected region, it is worth noting that given the laser repetition rate used for structuring, and the thermal properties of the material ( cm s ), no heat accumulation effects are expected for consecutive pulses [30] during the structuring process. A crude estimation of the heat diffusion length during the absorption of a single pulse leads to a value of nm, much shorter than thickness of the stressed regions. Still, even when a large proportion of the energy of the incoming pulses is expected to be carried with the ablating plasma [31] , the material remaining underneath the ablating region is heated by the plasma over much longer time scales and may eventually melt. Ben-Yakar et al. [32] provide an expression to estimate the maximum expected thickness of the induced molten using the threshold fluence for ablation and different thermo-optical parameters of the material. Such an estimate leads in our case to a value of nm for the initial molten layer and a maximum propagated molten layer depth always below than 1 m. The extension of the stressed region (also not amorphized) seems to be thus more related to the effect of the produced shock waves than to the plasma induced heating of the layer underneath the ablating region.
D. Second Harmonic Generation
A tunable OPO was used to generate radiation with the wavelength required to obtain efficient SHG. The maximum SHG efficiency was obtained pumping with a fundamental beam of 1137 nm of wavelength. The modes excited to produce the green light correspond to a channel waveguide parallel to the crystallographic direction. They were excited using a microscope objective with the same guiding setup indicated above; an achromatic half-wave plate was placed between the laser source and the sample in order to ensure type II SHG. In fact, the green light generation by type II regime requires guided photons with perpendicular polarizations simultaneously. The guided green light obtained by SHG was recorded with a CCD camera and can be seen in Fig. 5 together with the spectra recorded at the end of the waveguide.
IV. CONCLUSION
We have produced by fs-laser structuring rib waveguides in (Yb,Nb):RTP/RTP active layers using a combination of approximation scanning and beam multiplexing. The sides of the rib waveguides show a roughness of the order of 500 nm, leading to propagation losses with an upper bound of dB/cm. This value is lower or comparable to propagation losses before reported with fs-laser structuring in other studies. The approximation used (approximation scanning plus beam multiplexing) has the additional advantage of allowing to produce structures with easily controllable shape in a single scan by controlling the transverse separation of the writing laser spots in the surface.
Taking into account the refractive indexes of the epitaxy and the substrate, as well as the designed geometries, a previous simulation revealed that the confinement can be high. After fs-laser ablation, the simulation with real geometry parameters revealed that high confinements were still obtained. The near-field pattern of the fundamental mode was observed at 632 and 972 nm, which showed that the guiding was of good quality. Raman spectroscopy reveal some damage to the crystalline structure boundaries in the rib waveguides. This damage was most probably produced by the fs-laser pulses. It is though remarkable that amorphization is not observed. The Raman study showed that the damage boundary region was around 3 m in length, which is shorter than the total width of the ribs. However, this boundary damage could increase the confinement by increasing the refractive indexes in this zone.
